The modern production of articles from composites is based mainly on the use of pre-impregnated reinforcing materials -prepregs. The selection of the binder components for the preparation of highly effective prepregs is a complex and multi-stage process [1, 2] , since the binder for them must meet a whole range of materialscience and processing requirements. On the processing side the main requirement for prepregs is a long storage life of the binder at their storage temperature. The methodological aspects of the selection of binder components meeting these requirements have been examined previously [3, 4] .We can separate three stages in the selection of binder components. The stage of preliminary selection, involving purely kinetic methods: isothermal calorimetry and differential scanning calorimetry (DSC) [4 -7]. The second stage, involving structural-kinetic (or rheokinetic) methods, studying the change in the physical state of the binder: viscosity, using a rotational viscometer, and rigidity, using a torsion pendulum [8, 9] . And the third stage -the study of the total processing processing properties using the technique of thermal ageing of the prepregs. The combination of these methods should reveal the type of storage life of the prepregs: kinetic, technological, limiting the storage of the prepregs for each particular binder [4] .
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The purpose of the present study was to evaluate the reactivity of the binder components (and the preliminary selection) on the basis of an analysis of the initial rates of the hardening process over a wide range of temperatures determined using a low-inertia isothermal calorimeter EK. This device, which has been described in [10] , enables us by varying the composition of the binder to rapidly determine the values of the initial rates W 0 at several temperatures and then using the Arrhenius dependence log W 0 = 1/T to determine by extrapolation the reactivity of the binder at the storage temperature (W 0 20 ). Knowing the values of W 0 20 for different compositions (or components), we can arrange them in order of reactivity [2] , and this (with equality of the functionality of the components) should correspond to the order for kinetic storage life [3].
STUDY OF THE COMPARATIVE REACTIVITY OF INDUSTRIAL TYPES OF EPOXY RESINS
An effective binder resin must meet two basic processing requirements: it must have a long service life (low reactivity) at the storage temperatures (T st = -5 to +25) and a high reaction capacity (short curing time) at the processing temperatures of the article from the composite (100 -180°C).
For a comparative assessment of the reaction capacity of epoxy resins we used as a standard curing agent the moderately active 3-chlor-4-aminobenzyl-2-chloraniline (DChABA), which has the structural formula:
Using this compound we studied the relative reactivity of a number of industrial epoxy resins differing in their chemical structure. The following resins were studied:
1. Epoxy-bisphenol-A resins: ED-22. ED-20, ED-16 and ED-13.
2. Diglycidyl ether of resorcinol -UP-637:
3. Epoxy-novolac resin EN-6:
5. Triglycidyl-p-aminophenol (UP-610):
6. Diglycidyl ether of diethyleneglycol (DEG-1):
7. Adduct of epoxy-bisphenol-A resin with 8 mass% of diethyleneglycol (KDA). Table 1 gives the code names and numbers of these resins, the epoxy number (determined for a particular batch of epoxy resin, it usually varies over a range of 2 -3% [1, 2] ), the gram-equivalent and kinetic parameters of curing of these DChABA resins: the reduced initial rate (W/E 0 = W 0 20 , where E 0 is the number of mols of epoxy resins in the sample), the activation energy (E a ) and preexponential constant (A) in the equation W 0 = A·e -E/RT . As has been indicated previously [3] , from a kinetic point of view the most suitable binder for prepreg technology is one with a low curing rate at room temperature, high activation energy and a high value of the pre-exponential constant A. For equal values of activation energy preference is given to the binder with the lower pre-exponential constant. With these considerations in mind we shall attempt to analyse the possible use of epoxy resins of different types for the production of different types of prepregs with a long service life.
The data in Table 1 show that changes in the structure of the epoxy resins, with the exception of KDA and DEG-1, do not lead to noticeable changes in the kinetic indices. However, they allow us to arrange the most widely used epoxy resins in order of increasing reactivity (decreasing service life) with regard to an amine curing agent:
Aliphatic resin DEG-1 < combined aromatic-aliphatic resin KDA < N-tetraglycidyl amine resin EchD < triglycidylp-aminophenol UP-60 < epoxybisphenol-A resin ED-22 < ED-20 ≅ epoxyresorcinol resin UP-637 < ED-16 < ED-13 ≅ epoxynovolac resin EN-6. This ranking can be supplemented according to literature sources by the cycloaliphatic resins UP-612 and UP-632 [11] , which because of their low reactivity may be placed before the aliphatic resins. However, because of their low activation energy these resins have a low reactivity even at temperatures of formation of products [12] .
Examination of the results given in Table 1 shows that the reactivity of industrial epoxy resins, consisting of the glycidyl ethers of phenols and polyphenols UP-637, ED-22, ED-20, ED-16, ED-13 and EN-6 is practically the same. This means that the chemical structure of the unit or -OCH2-bridge joining the reaction centres, i.e. the epoxy rings, has little effect on the character of distribution of the electron density in the epoxy ring. Apparently the oxymethylene bridge is a poor transmitter of the inductive effects of the remaining joining fragment including the aromatic rings. This is also shown by the results of studies of the reactivity of epoxyoligomers having different chemical structures. As has been shown in [13] , the influence of the nature of the bridge in epoxy resins of the type: where X = -CH 2 , -O-, -S-, -SO 2 , OC [c] on the rate constant of the reaction with the diamine may be described using Hammet's equation: log K/K 0 = ρ·σ, where K and K 0 are the rate constants of the substituted and non-substituted compound, σ is a parameter reflecting the electronic nature of the substituent. The low value of ρ = +0.3 points to the low sensitivity of the reaction centre to this type of substitution. The results mean that the variation in the structure of the glycidyl ethers of polyphenols should not noticeably affect their reactivity at room temperature. However, it may appreciably affect the kinetic service life [3] of the binder, since their functionality changes, and in addition it may affect the final properties of the cured binder.
An interesting feature is the marked decrease in reactivity when changing from the glycidyl ethers of phenols ED-22, UP-637, EN-6 to the N-glycidyl resins UP-610 and EchD, accompanied by a slight increase in the activation energy and the pre-exponential constant. An even more marked decrease in the values of W 0 20 and an increase in the values of E a and A is observed in the case of the combined aromatic-aliphatic resin KDA and particularly with the aliphatic resin DEG-1. In order to understand the reason for this phenomenon we have to take note of the following fact. It is known [14 -17] that solvents and additives of the electron-donor type form complexes of the type: R 3 N:H…NH-R or C=O:…H…NH-R which reduce the effective concentration of reacting ~N-H groups and lead to a reduction of the rate of the reaction of primary amines with epoxy groups. It is evident that the oxygen and sulphur atoms contained in the bridge fragments joining the α-oxide groups can also be regarded as such electron-donor centres. Then, the higher the electron-donor properties of the element (its basicity) and the higher their steric accessibility, the stronger will be their competing complex-forming role in comparison with the epoxy ring with regard to the primary amine.
Replacement of an oxygen by a sulphur atom increases the internal electron-donor properties of epoxy resins of the N-glycidyl type as compared with phenol glycidyl ethers. The replacement of an aromatic by an aliphatic bridge also tends to increase the electron-donor properties (basicity) of the oxygen atom, since it eliminates the effect of conjugation with the aromatic nucleus, and additionally there is an increase in the steric acessibility of the electron pair of the oxygen. This explains the high solvating capacity of ethers of ethylene-and diethyleneglycols (cellosolves) [18] , which can be regarded as ether analogues of DEG-1. The reaction of complex formation of electron-donor elements with primary amine groups, which reduces the rate of cure of an epoxy resin, must lead to an increase in the effective value of the activation energy. Thus, a kinetic analysis of the data obtained by the authors and from the literature shows that cycloaliphatic, aliphatic and N-glycidyl resins respond most satisfactorily to the first point of the specific requirements for binder components imposed by the traditional prepreg mixing technology. The more reactive epoxy resins can be used employing the binary prepreg technology by means of the RNK method [19 -20] . Obviously the final choice of the industrial epoxy resin must be made taking into account the particular requirements regarding the moulding technology and the final properties of the composite product, and also the technical and economic considerations.
It should be noted that secondary alcohol groups [1, 2] formed by the opening of the epoxy groups during synthesis of the epoxy resins can be the source of an unwanted increase in the reactivity of many resins used in the present study. In the series of bisphenol resins ED-22 → ED-13 with increase in the molecular mass of the resin the content of secondary hydroxyl groups increases [1, 2] . Their presence causes a slight increase of the initial rates and also a very slight decrease in the activation energy of curing. Blocking these with isocyanate groups may be recommended as a possible way of reducing their effect on the curing process [22] . When using bifunctional compounds of the above-mentioned type the process of blocking of secondary alcohol groups can be combined with increasing the functionality and molecular mass of the epoxy resin. KDA resin was used as the epoxy reference sample. The kinetic parameters selected for comparison of the reactivity of the amines were also W 0
20
, E a and A, given in Table 2 . Figure 1 shows the Arrhenius curves of log W 0 vs. 1/T for the curing agents studied. It is seen from Table 2 and Figure 2 that the structure of the amine curing agent has little effect on the activation energy of curing (13 -16 kcal/ mol). At the same time the changes in the initial rate of curing W 0 20 constitute two orders (0.15 -20 x 10 3 cal/mol sec) and are due basically to the change in the preexponential constant (3.94 x 10 7 -1.82 x 10 9 cal/mol sec). Table 2 and Figure 2 show that the most satisfactory kinetic properties of the binder are given by TAC, DChABA and Diamet Ch. As regards the DChABA and Diamet Ch, these results may point to the important role of the steric accessibility of the nitrogen atom of the primary amine group in respect of the epoxy group. In fact, the chlorine atom located in the aromatic ring in the ortho position with regard to the amine group may cause a reduction in reactivity not only by the inductive effect but also by steric effects. This causes an increase in the pre-exponential constant A. As for TAC, it acts as an effective latent curing agent. It exhibits low activity at the storage temperatures of the prepregs, but at high curing temperatures when the cyanurate ring breaks down its activity greatly increases. However, the strength of the binder with it was low. The optimum relationship of kinetic (technological) and strength (service) properties is seen in the composition of KDA + DChABA, which is used at the Stekloplastik works as a base compound. It is superior to other combinations of industrial epoxy resins and amine curing agents.
It is interesting that DCDA, which is widely used for hot curing epoxy compositions and was used by us to improve the solubility in the form of a monoadduct with AGE, has a considerable reactivity, evidently caused by the aliphatic character of the amine groups. The fairly long service life during storage of compositions based on DCDA [23] appears to be due its removal from the compositions in the form of a thin dispersion.
INFLUENCE OF ELECTRON-DONOR ADDITIVES ON THE KINETIC SERVICE LIFE OF COMPOSITIONS OF KDA + DCHABA
One method for increasing the service life of epoxy compositions used in the manufacture of prepregs may be the introduction of electron-donor additives [14 -17] . In the present article we give the results of a kinetic study of electron-donor additives of three types: Pentachlorodiphenyl (PChD) or sovol: cyclic ether of Cl -2-phenyldioxane (PhDO) and the cyclic ester ε-caprolactone (ε-cl) [25):
We should point out that these compounds have been employed as modifiers of epoxyamine compositions having an antiplasticising effect [24, 25] . Table 3 gives the values of W 0 20 , E a and A, and Figure 3 shows the Arrhenius dependences of log W 0 vs. 1/T for the system KDA + DChABA in the presence of these additives. These show that the additives ε-CL and PChD noticeably increase the values of the effective activation energy and the pre-exponential constant and in so doing significantly reduce the initial rate of cure at room temperature. Evidently this effect is due to their taking part in reactions of complex-formation of the type: Figure 3 Arrhenius dependence of initial rates of cure of epoxy resin KDA DChABA in the presence of 15 mass % of electron-donor additives: 1 -no additive; 2 -PhDO; 3 -PChD; 4 -e-CL account of the structure of the epoxy resins and amine curing agents. This is the more important in that the inhibiting electron-donor compounds which increase the service life of the binders at the storage temperature of the prepregs may consist of solvents such as acetone, methyl ethyl ketone, butyl acetate, ethyl acetate and other ketones and esters containing a carbonyl oxygen capable of forming strong hydrogen bonds with the amines. In addition, the inhibition of curing of the epoxyamine compositions may also be achieved using polymeric additives of electron-donor compounds, such as polyvinyl acetate or polycaprolactone.
Thus, the results of the kinetic studies indicate the possibility of carrying out preliminary prognostic evaluations of the effect of the structure of the binder components on its kinetic service life under the storage conditions of the prepregs and ways of controlling it for optimum effect.
It has been found that the most effective method for regulating the kinetic service life of binders is the use of electron-donor additives.
